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Abstract

Background

Photoplethysmography (PPG) sensors, typically found in wrist-worn devices, can continu-

ously monitor heart rate (HR) in large populations in real-world settings. Resting heart rate

(RHR) is an important biomarker of morbidities and mortality, but no universally accepted

definition nor measurement criteria exist. In this study, we provide a working definition of

RHR and describe a method for accurate measurement of this biomarker, recorded using

PPG derived from wristband measurement across the 24-hour cycle.

Methods

433 healthy subjects wore a wrist device that measured activity and HR for up to 3 months.

HR during inactivity was recorded and the duration of inactivity needed for HR to stabilise

was ascertained. We identified the lowest HR during each 24-hour cycle (true RHR) and

examined the time of day or night this occurred. The variation of HR during inactivity through

the 24-hour cycle was also assessed. The sample was also subdivided according to daily

activity levels for subset analysis.

Findings

Adequate data was obtained for 19,242 days and 18,520 nights. HR stabilised in most sub-

jects after 4 minutes of inactivity. Mean (SD) RHR for the sample was 54.5 (8.0) bpm (day)

and 50.5 (7.6) bpm (night). RHR values were highest in the least active group (lowest MET

quartile). A circadian variation of HR during inactivity was confirmed, with the lowest values

being between 0300 and 0700 hours for most subjects.

Interpretation

RHR measured using a PPG-based wrist-worn device is significantly lower at night than in

the day, and a circadian rhythm of HR during inactivity was confirmed. Since RHR is such
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an important health metric, clarity on the definition and measurement methodology used is

important. For most subjects, a minimum rest time of 4 minutes provides a reliable measure-

ment of HR during inactivity and true RHR in a 24-hour cycle is best measured between

0300 and 0700 hours. Funding: This study was funded by Google.

Introduction

Resting heart rate (RHR) is an important biomarker of health and disease [1–7]. It is a vital

sign, an indicator of all-cause mortality [1,2,7], cardiometabolic risk [1–9], cardiorespiratory

fitness [10] and is used in regular monitoring to indicate general response to training [10] and

is a highly variable physiological marker with many influencing factors. There is considerable

inconsistency among definitions and methodological criteria for assessment of RHR, and con-

sumer devices that provide estimations of RHR to their users show considerable variability in

methodology and reported values. The term “resting heart rate” sometimes is used to represent

the heart rate (HR) of an individual whenever they are inactive, as opposed to the lowest HR at

rest in a 24-hour cycle. Methodological variables including time of measurement, subject posi-

tioning, pre-measurement rest, and mode of measurement (pulse palpation, ECG, and photo-

plethysmography (PPG) measured using wearable technologies such as a wristband or watch)

may all influence the measurement. With the increasing availability of continuous HR moni-

toring using wearable devices, and the expansion of use of these devices in health monitoring,

clarity on definitions and the differences between measurements is important, and within

reach.

PPG-sensor technology has been demonstrated to accurately measure HR when compared

to ECG and is increasingly used in cardiovascular health studies [11,12]. Note that PPG devices

vary in their design and algorithms used to calculate HR in activity and at rest. The use of

PPG-based wearable devices offers new opportunities in research across large populations. In

a retrospective study of over 92,000 subjects wearing a range of different wrist-worn devices,

mean ‘RHR’ was reported to range from 40–109 bpm across a US-based population with a

mean (SD) age 45.8 (14.4) years [13]. RHR was provided using a proprietary formula from the

device maker, with a single value being provided for each day, but no further insights were

provided as to the methodology of its estimation. To our knowledge, no other PPG-based

study has provided information as to methodology of RHR calculation.

In this real-world study, our primary aims were to describe a method for measurement of

RHR recorded using PPG derived from wrist-worn fitness tracker measurements, to demon-

strate the potential for erroneous estimation of RHR, and to assess quantitatively how long it

takes HR to stabilise after activity ceases. We also evaluated the time of day on HR when inac-

tive, examining for the presence of a circadian rhythm of HR during inactivity across 24 hours,

and we evaluated the timing of RHR across subjects. We also further scrutinised the lowest HR

during inactivity in the day compared to values at night.

Materials and methods

Study population

The study targeted healthy adults living within the United States aged 18–65 years. Eligible

participants were physically active, as assessed by the International Physical Activity Question-

naire (IPAQ) [14,15]. The study was approved by an Institutional Review Board (Advarra,

Columbia, MD). Written informed consent was obtained from each subject. Consenting
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individuals agreed to wear a wrist device, the Fitbit Charge 4 fitness tracker (Fitbit LLC, San

Francisco, CA, USA), continuously for up to three months. The study population comprised

433 subjects (66.1% female), mean(+-SD) age = 35.4 +- 9.6 years. Mean (+-SD) BMI was 26.5

(+- 5.2). No subjects had known cardiovascular disease and none was on antiarrhythmics. Sub-

jects with a pacemaker and those who were night shift workers were excluded.

Data collection

The wrist-worn device captured HR using PPG sensors and activity through accelerometry.

Participants were asked to perform their normal daily and night-time routines while wearing

the device as often as possible. The device charges rapidly and subjects were asked to charge

the device whilst bathing. Data from each device was uploaded automatically to a central

secure platform (the Fitabase research platform [16]).

HR and estimates of activity level from accelerometry were recorded by the device every 60

seconds. HR during inactivity across the day and night was derived from these HR by taking

the lowest HR measured by the device when still, i.e. when the metabolic equivalent (MET)

during each 60 second epoch was estimated to be less than 1.5. The device itself has filtering

algorithms to remove noise, although it should be noted that when subjects are inactive, the

HR accuracy is typically reliable. Chow et al. found that the mean absolute percentage error

(MAPE) of HR measured using fitness trackers in young adults at rest compared to an ECG

chest strap (Polar M3) was 3.96% and 4.46% for the Garmin Vivosmart HR+ and Xiaomi Mi

Band 2 devices respectively [17].

The wrist-worn device has built-in algorithms to determine the start and end times that the

wearer was in bed, which were logged to enable separate calculations of lowest HR during

inactivity in the day as well as at night. This implicitly defined night-time for a user as the pri-

mary sleep period identified by the tracker’s algorithms.

Data analysis

Time series of HR and physical activity were analysed to produce estimates of daytime and

night-time HR during inactivity. The RHR for each day and each night were determined by

taking the lowest HR recorded when the wearer was inactive during the day and at night,

respectively. Night-time and daytime heart rates were distinguished from automated logging

of bed start and end times by the Fitbit device. For daytime calculations, the device must have

been worn for at least 8 hours in the daytime and for night-time calculations, for at least 3

hours at night.

Activity recognition on the device allowed sedentary (MET< 1.5) times to be identified,

and HR during those periods was scrutinised. The time taken for the HR to stabilise during

inactivity was examined to identify the necessary duration of rest needed to allow best estimate

of the RHR value.

HR over the daytime and night-time were compared and the variation of HR during inac-

tivity across the 24-hour cycle was investigated. We also examined the effects of average activ-

ity levels on RHR.

Role of the funding source: The study was funded by Google, who funded all personnel and

devices.

Results

Activity tracking confirmed the subjects to be physically active, with a mean (SD) number of

minutes of moderate/vigorous physical activity 46.3 (28.5) minutes per day. The guidelines for
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minimum levels of physical activity for health recommend at least 150 minutes of MVPA per

week [18]. No significant change in activity levels was seen over the course of the study period.

Of 26,758 possible subject days and nights in the study, a total of 19,242 days of daytime

data (>8 hours of use), and 18,520 nights (>3 hours of sleep) of data were obtained. This rep-

resents 71.9% compliance for daytime wear, and 69.2% compliance for night-time use. Of the

qualifying data, the mean (SD) hours worn in a 24hr period was 15.19 (2.01) hours and at

night was 7.97 (1.41) hours. The night-time mean start (bedtime) and finish (rise) times were

23:02 and 06:27, respectively.

To identify the minimum acceptable time for the HR to stabilise, periods of inactivity of 20

minutes or more were identified. This identified 160,357 sections of data (day) and 44,502

(night). The number of sampling sections was lower at night as the duration of each sampling

period was longer when the subjects were consistently inactive when asleep. The HR recorded

during each minute was compared with the HR from the preceding minute. The HR differ-

ences for adjacent minutes for the first 7 minutes during day and night are shown in Table 1.

The mean decrease in HR between 3 and 4 minutes after a period of inactivity begins is less

than 0.5 bpm. After 4 minutes of inactivity, a further mean decrease in HR of less than 1.0

bpm was observed when compared to 20 minutes of inactivity. The mean HR values recorded

during each inactive minute are shown in Fig 1.

There are many examples in the data where the HR took longer to stabilise. This phenome-

non was investigated by examining the percentage of the sample where HR during inactivity

fell by more than 1, 2 or 3 beats per minute in each time interval. The results of this analysis

are shown in Table 2. The HR in over 13% of subjects had not stabilised, i.e., the change in HR

from 14 to 15 minutes of inactivity is greater than 3 bpm.

RHR in a 24-hour period was taken to be the lowest HR recorded during day or night after

at least four minutes of inactivity. We also compared values of the lowest HR during inactivity

in the day with that at night. Night-time values were lower than those in daytime, as shown in

Table 3. Note the low level of 34 bpm was measured in one very fit subject on one occasion;

the mean RHR for this subject during the study was 38 bpm. The mean (SD) difference (day-

night) was + 3.9 (3.8) bpm. A paired Student’s t-test showed significant differences between

day and night-time RHR measurements (t-statistic = 136.99, P< 0.0001). The distribution of

true RHR is illustrated in Fig 2.

The daytime lowest HR during inactivity obtained using our method was compared with

the daytime ‘RHR’ calculated using the only other available definition, i.e.: the lowest HR dur-

ing the day irrespective of activity [13]. The latter ‘RHR’ mean (SD) was 53.9 (9.9), i.e. 0.6 bpm

lower than our estimate, due to a small number of instances where the lowest daily HR occurs

when the subject is deemed to be moving by the device. The night-time lowest HR estimates

differed by less than 0.1 bpm.

Table 1. Change in heart rate during inactivity.

DAYTIME (n = 160,357) NIGHTTIME (n = 44,502)

Adjacent inactive

mins

Mean decrease in HR from preceding

minute (bpm)

Mean decrease in HR from preceding

minute (bpm)

0–1 2.99 1.63

1–2 3.22 2.21

2–3 0.96 0.41

3–4 0.42 0.24

4–5 0.24 0.14

5–6 0.17 0.06

6–7 0.16 0.03

https://doi.org/10.1371/journal.pdig.0000236.t001
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We examined the trend in mean HR during inactivity across the 24-hour cycle during the

study period (Fig 4). All HR measurements after at least 4 minutes of inactivity were averaged

for all subjects for each hour of the day as indicated by the devices’ timestamps.

Lastly, we examined the effects of individuals’ activity levels on their lowest HR during inac-

tivity (Table 4). The activity level for each subject was represented by the mean number of

minutes of the day where the MET, estimated from the device’s accelerometer, was greater

than 3.0, equivalent to standard definitions of moderate to vigorous activity (MVPA). The

results were grouped by activity level quartiles (Fig 5).

Between-group differences in RHR were tested for significance using a single-factor

ANOVA analysis with post-hoc subgroup comparisons. Table 4 shows the results from a mul-

tiple comparison of means using Tukey’s honestly significant difference (HSD) test with a fam-

ily-wise error rate (FWER), i.e. the probability of a Type I error, set to 0.05. The lowest activity

and highest activity quartiles had mean (SD) RHRs of 55.2(7.94) bpm and 48.5(6.51) bpm

respectively. We noted that those in the first activity quartile (i.e., individuals with lowest

Fig 1. Decline in mean heart rate after initiation of inactivity.

https://doi.org/10.1371/journal.pdig.0000236.g001
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mean activity levels) had significantly higher RHR’s compared to those in the other three

quartiles.

Discussion

Several studies have demonstrated an association between RHR and cardiovascular mortality

both in general populations [1–3] and in patients with hypertension [4,5] or cardiac diseases

[6,7]. ‘RHR’ in the studies was taken as heart rate when inactive. HR during inactivity in this

context has predominantly been studied during the day [1–7] and has variably been defined as

a single measure on ECG [1], or pulse palpation [2,5,7]. Some studies that have demonstrated

an association between resting heart rate and all-cause and cardiovascular disease mortality

have empirically used daytime RHR after at least 5 minutes of supine rest, without providing a

rationale for the rest period [19,20].

Night-time HR has been much less commonly studied but has been reported by some to be

a better predictor of cardiovascular events than day-time lowest HR [21,22]. One study that

examined participants where more than half of the individuals had hypertension failed to dem-

onstrate daytime RHR association with mortality in contrast to the large body of evidence sug-

gesting otherwise [23]. The use of wearable devices offers the opportunity for further

examination of RHR across different times of the day and night and the relationship to cardio-

vascular disease and mortality in healthy and diseased populations.

It is notable that the HR in some subjects took some minutes to stabilise, and indeed in

over 13% of subjects it had not fully stabilised (i.e., it was decreasing at a rate greater than 3

bpm) after 15 minutes of inactivity. These results were considered most likely to have occurred

due to the physiological effect of more intense exercise before the rest period, and the finding

that, in most subjects the HR had stabilised after 4 minutes, we suggest that in most subjects a

minimum of 4 minutes rest is acceptable, but the activity level of the subject in the few hours

Table 2. Percentage of sample where heart rate during inactivity had not stabilised.

Adjacent inactive

mins

% of sample where change in

HR > 1 bpm

% of sample where change in

HR > 2 bpm

% of sample where change in

HR > 3 bpm

DAYTIME

0–1 54.9 46.9 39.9

1–2 61.3 51.5 42.7

2–3 44.2 33.0 24.4

3–4 38.7 27.0 18.6

14–15 33.0 21.1 13.1

NIGHTTIME

0–1 48.9 40.8 34.3

1–2 52.3 42.0 34.3

2–3 35.9 23.4 15.9

3–4 32.8 19.1 11.7

14–15 23.8 12.7 7.6

https://doi.org/10.1371/journal.pdig.0000236.t002

Table 3. Summary of daytime and night-time lowest heart rates during inactivity.

N Mean(+-SD) Heart rate Heart rate Range

Daytime 19242 54.5 (8.0) 34.0–92.4

Nighttime 18520 50.5 (7.6) 32.6–89.8

https://doi.org/10.1371/journal.pdig.0000236.t003
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prior to measurement should be considered. This has relevance for clinical practice, and stud-

ies where “resting heart rate” is taken by pulse after only a few minutes of rest.

The use of PPG in the monitoring of HR allows large-scale, real-world population studies

that are not feasible using ECG. The increasing quality of PPG sensors has resulted in excellent

quality of HR measurement in newer devices such as that used in this study. At rest, their accu-

racy is similar to ECG [11,12,24,25], and the inclusion of activity recognition in our study

allowed us to ascertain when the subject was inactive. This is important, as when there is error

in signal detection with wrist-worn devices, this is more likely when the subject is active, espe-

cially at vigorous intensity, and erroneously low HR during such activity can occur. ‘Ambula-

tory’ HR has also been proposed to be relevant, and also has varying definitions, from the

mean derived from 24-hour continuous monitoring, or from ‘snapshots’ measured during the

day. It too has also been reported to have predictive value in mortality risk in elderly hyperten-

sives [26]. Whilst it is possible to measure this using PPG, there is more likely to be error due

to activity affecting signal integrity, and the capacity to measure true RHR may make ‘ambula-

tory’ recordings unnecessary for risk assessment.

As anticipated, RHR in our study was noted to be significantly lower in those subjects who

were routinely more active, but a ‘little goes a long way’, with the most significant difference in

RHR being seen between the least active and the next quartile of activity level.

We noted a circadian rhythm of HR during inactivity, and this has been studied by a few

groups, who have also noted the trend we identified in our study, specifically with lower HR

during the night and in the first few hours in the morning [27,28]. This is considered to be

related to the dominance of sympathetic tone and circulating catecholamines during the day,

and its relative decline at night, accompanied by increased parasympathetic tone during those

Fig 2. The distribution of mean RHR estimates for both daytime and night-time. We also examined the time of day that lowest HR was

noted. Just over half (53%) occurred between 0300 and 0700. The distribution is shown in the histogram below (Fig 3).

https://doi.org/10.1371/journal.pdig.0000236.g002
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Fig 3. Distribution across subjects of timing of lowest RHR in 24-hour cycle, showing that on most days the RHR was lowest between 0300

and 0700 across the population.

https://doi.org/10.1371/journal.pdig.0000236.g003

Fig 4. Circadian variation in heart rate during inactivity. Mean (SD) heart rate after 4 minutes of inactivity by hour of the day.

https://doi.org/10.1371/journal.pdig.0000236.g004
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night-time hours [27]. Activity between rest intervals may also influence the values across the

day, and this may have influenced our finding that in some samples the HR can take longer

than the typical 4 minutes to fully stabilise.

It can be proposed from this data that true RHRs occur most commonly between 0300 and

0700 in the general population, apart from those who are night shift workers, who were

excluded from this study.

A limitation of this study is that it may not be wholly generalizable to other wearable

devices. Our estimates of HR were dependent on the Fitbit Charge 4’s segmentation of day/

night and moving/sedentary periods. These factors may introduce some bias in our recom-

mended approach to measuring RHR, so we suggest a comparison of results from a range of

wearable devices as an area for future research.

Table 4. Multiple Comparison of Means—Tukey HSD (FWER = 0.05).

Group (1) Group (2) Mean diff (bpm) p-adj Lower Upper Reject?

1st 2nd -3.7005 0.0019 -6.3432 -1.0578 True

1st 3rd -4.0132 0.001 -6.6559 -1.3705 True

1st 4th -6.7866 0.001 -9.4293 -4.1439 True

2nd 3rd -0.3127 0.900 -2.9554 2.330 False

2nd 4th -3.0861 0.0146 -5.7288 -0.4434 True

3rd 4th -2.7734 0.0355 -5.4161 -0.1307 True

https://doi.org/10.1371/journal.pdig.0000236.t004

Fig 5. Box plots of the mean RHR in the 24-hour cycle for each activity quartile.

https://doi.org/10.1371/journal.pdig.0000236.g005

PLOS DIGITAL HEALTH Resting heart rate across the 24-hour cycle

PLOS Digital Health | https://doi.org/10.1371/journal.pdig.0000236 April 28, 2023 9 / 11

https://doi.org/10.1371/journal.pdig.0000236.t004
https://doi.org/10.1371/journal.pdig.0000236.g005
https://doi.org/10.1371/journal.pdig.0000236


Conclusions

Resting heart rate is a vital physiological marker that reflects health, disease and mortality risk.

Nevertheless, specific guidance as to how to measure it reliably is lacking. Before the availabil-

ity of reliable wrist-worn devices using PPG signals, measurement has relied largely on pulse

palpation and ECG-based measures. The use of PPG-based devices such as those used in our

study allows specific criteria to be set relating to RHR measurement across all settings, and

greater insights into its circadian variation. We recommend a minimum inactivity period of 4

minutes for reliable HR measurement to calculate RHR and suggest that subjects have also not

engaged in significant exercise in the immediately preceding period. We also recommend that

the true RHR in a 24-hour cycle is best measured between 0300 and 0700 hours. We encourage

authors to clarify their methodology of RHR measurement in future studies.
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